Human immunodeficiency virus type 1 (HIV-1) encodes the transactivator protein Tat, which is essential for viral replication and progression to disease. Here we demonstrate that transcriptional activation by HIV-1 Tat involves p300 or the related cellular transcriptional coactivator CREB binding protein (CBP). Tat transactivation was inhibited by the 12S form of the adenovirus E1A gene product, which inhibits p300 function, and this inhibition was independent of its effect on NF-B transcription. A biochemical interaction of p300 with Tat was demonstrated in vitro and in vivo by coimmunoprecipitation. The carboxy-terminal region of p300, which binds to E1A, was shown to bind specifically to the highly conserved basic domain of Tat, which also mediates binding to the Tat-responsive region RNA stem-loop structure. The ability of Tat to interact physically and functionally with this coactivator provides a mechanism to assemble a basal transcription complex which may subsequently respond to the effect of Tat on transcriptional elongation and represents a novel interaction between an RNA binding protein and a transcriptional coactivator.
The human immunodeficiency virus type 1 (HIV-1) transactivator of transcription (Tat) stimulates viral gene expression through an RNA element in the viral long terminal repeat (LTR) (14, 17) . For optimal transactivation of HIV gene expression, Tat requires specific upstream transcription factors, including Sp1 (13) , TATA binding protein (18, 39) , Tat-associated kinase (TAK) (11, 43) , TFIIH (9, 30) , Tip (16) , and RNA polymerase II (4, 24, 42 ). An important effect of Tat is to increase the processivity of RNA polymerase by phosphorylation of its carboxy-terminal domain, which likely occurs in concert with host cellular cofactors (19) . Among the factors which associate with Tat, TAK has been shown to interact with Tat in vitro and in vivo through its activation domain (44, 45) . The ability of Tat to regulate transcriptional elongation is likely related to its ability to interact with the basal transcription complexes responsible for initiation, and Tat has been shown to influence transcriptional initiation. For example, Tat interacts with the preinitiation complex through its basic domain in a Tat-responsive region (TAR)-independent manner, an association that is likely of functional significance (8) , and TFIIH has been shown to regulate its function (3, 9, 30) . Though of indirect importance in its effect on HIV gene expression, the assembly of the relevant basal complex is required for Tat activation (9, 13, 15, 18, 39, 42) .
Among the factors associated with the basal transcription complex, p300 and the related CREB binding protein (CBP) (2) have emerged as coactivators for a broad group of cellular transcription factors (for reviews, see references 5 and 34). p300, identified initially by its interaction with E1A (6), is highly related to CBP (23); both molecules are large nuclear phosphoproteins that respond to changes in cell growth (5) and integrate into diverse signal transduction pathways (12, 28, 37) . To date, the cellular cofactors that bind to Tat have not been implicated in chromatin remodeling. Because inhibitors of histone deacetylation were recently shown to activate integrated HIV-1 LTR (38) and p300 affects histone acetylation (1, 29, 44) , we explored the possibility that Tat interacts with p300.
MATERIALS AND METHODS
Plasmids. The chloramphenicol acetyltransferase (CAT) reporter constructs HIV-CAT and ⌬B HIV-CAT and the Rous sarcoma virus (RSV) expression vector have been previously described (22, 26) . The wild-type adenovirus 12S E1A (12S E1A wt) RSV expression plasmid and the mutant ⌬2/36 as well as the mutant 2G3N 12S E1A, both used as 12S E1A ⌬p300 plasmids, were amplified by PCR from the 12S E1A wt expression plasmid previously reported (25) and cloned into pRSVGAL4.1, using the HindIII and BamHI sites. Glutathione S-transferase-(GST)-Tat and the corresponding deletion mutant were generated by PCR from plasmid pcTat/Rev (36) and cloned into pGEX-CD1. Cytomegalovirus (CMV)-Tat was generated by cloning wild-type Tat into the expression vector described earlier (32) . GST-Tat (48-57) and GST-Tat (NBD) were generated by cloning oligonucleotides into pGEX-CD1 as follows: for the basic domain of Tat, amino acid residues GRKKRRQRRR; and for the basic domain of the N gene (bacteriophage ), amino acid residues GQTRRRERRA.
Reporter assays. Jurkat T-leukemia cells were transfected by using DEAEdextran, cells were harvested after 24 h, and CAT assays were performed as previously described (22) . Equal quantities of extract protein were analyzed in each assay. The transfection efficiency of Jurkat cells with DEAE-dextran is, in contrast to transfection of 293 cells with calcium phosphate, constant and reproducible, with standard deviations of Յ10% (22, 27, 33) .
Fusion proteins. GST fusion proteins were expressed in Escherichia coli BL21 cells and purified as reported previously (32) . Purified GST was used as the control.
In vitro binding assays. GST fusion proteins were incubated at 4°C for 1 h with 10 l of glutathione-Sepharose beads. Beads were washed three times in buffer containing 75 mM KCl and 0.1% Nonidet P-40. Bound proteins were eluted with an equal volume of sodium dodecyl sulfate (SDS) loading buffer, resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and analyzed by Western blotting or, in the case of in vitro-translated proteins, by exposure to X-ray film (Kodak). Deletion analysis of the carboxy-terminal fragments of p300 was performed by digesting 3ЈpBS-p300 (32) with BstEII, StuI, or StyI prior to in vitro transcription-translation (radiolabeled T7 TNT reticulocyte transcription-translation system; Promega) to produce p300 fragments truncated at amino acid 1909, 1710, or 1542, respectively.
Immunoprecipitation and Western blotting. p300 immunoprecipitations were performed as described previously (32) with 3 g of an anti-p300 antibody (14991A; PharMingen) or control rabbit immunoglobulin G (IgG) in the presence of 75 mM NaCl. The assay was terminated by the addition of SDS gel loading buffer to the samples. Proteins were resolved by SDS-PAGE on either a 7% (for p300) or 15% (for Tat) polyacrylamide gel, and then transferred to nitrocellulose membranes for 14 h at 4°C. After incubation with the indicated antibodies for 2 h at room temperature, blots were incubated with secondary antibodies and visualized by enhanced chemiluminescence as suggested by the manufacturer (Amersham). Western blot analysis was performed with anti-p300 (sc584 and sc585; Santa Cruz Biotechnology) anti-CBP (sc583 and sc369; Santa Cruz), and anti-Tat (13-164-100; ABI) antibodies.
RESULTS
To analyze whether Tat-dependent gene activation was p300 dependent, we examined the ability of 12S E1A to inhibit transcriptional activation of HIV-CAT expression by Tat. Jurkat lymphocytes were cotransfected with HIV-CAT, a 12S E1A expression plasmid, and a Tat expression vector. Activation of the HIV promoter by Tat (Fig. 1A , left) was inhibited by 12S E1A, whereas cotransfection of a 12S E1A mutant, which cannot bind p300 (40) , had no effect on Tat activation (Fig. 1B,  left) . Since the HIV LTR contains two B sites, and the transcriptional activity of NF-B can be inhibited by E1A (31), the effect of 12S E1A on Tat-induced gene expression was examined by using an HIV-CAT reporter with mutant B sites [(⌬B) HIV-CAT]. 12S E1A wt inhibited B-independent Tatinduced gene expression, in contrast to the mutant 12S E1A, which did not bind to p300 (Fig. 1B, right) . To address the possibility that wild-type or mutant 12S E1A affects Tat expression under these conditions, we repeated the experiment using the same expression plasmid encoding the CAT reporter protein.
At the same molar ratio (500-fold mass excess), wild-type or mutant 12S E1A did not alter CAT expression significantly, suggesting that the effect of 12S E1A on Tat transcriptional function is not due to changes in the expression of Tat (Fig. 1,  legend) . No transcriptional activation of HIV-CAT or (⌬B) HIV-CAT was observed by 12S E1A wt or mutant 12S E1A itself (Fig. 1C) . These data raised the possibility that p300 can potentiate Tat-dependent gene activation.
To determine whether p300 and CBP could interact biochemically with Tat, binding assays were performed. Nuclear protein extracts were incubated with a GST-Tat fusion protein (amino acids 1 to 86). p300 and CBP were readily detected by Western blotting of an eluate from a GST-Tat column but not from a GST control ( Fig. 2A) . This interaction was confirmed in vivo by coimmunoprecipitation studies with polyclonal antibodies directed against p300. Tat was detected at increased levels in anti-p300 immunoprecipitates of nuclear extracts from Tat-transfected 293 cells (Fig. 2B ). Background binding of Tat was observed in control immunoprecipitations, likely due to its nonspecific binding to the antiserum. These findings indicated that Tat could interact biochemically with p300 within cells. g) and RSV-Tat (10 ng) (A) or in combination with RSV-12S E1A wt (5 g) or 12S E1A ⌬p300 (5 g) (B). RSV-12S E1A wt (5 g) and 12S E1A ⌬p300 (5 g) were also transfected alone with HIV-CAT (3 g) or ⌬B-HIV CAT (3 g) (C). A control RSV vector was included such that the same amount of expression plasmid was used in each sample. Error bars indicate standard errors of the means of three independent experiments. A 500-fold mass excess of wild-type or mutant 12S E1A did not alter the expression of RSV-CAT significantly (0.77 or 0.72% conversion, respectively). The region of p300 that mediates the Tat interaction was defined by further binding studies with in vitro-translated proteins. Binding of a carboxy-terminal p300 region (amino acids 1542 to 2412) was readily detected (Fig. 2C) . In contrast, no detectable binding to GST-Tat was observed with an aminoterminal fragment of p300, indicating that the interaction is due not to nonspecific binding by Tat but to a specific interaction of two distinct domains in p300 and Tat. To confirm the specificity of the p300-Tat interaction, GST-Tat was also used in binding studies with other proteins, including RelA and Stat2. Neither of these proteins bound to GST-Tat under the same buffer conditions (data not shown), confirming the specificity of this interaction. Further localization revealed that the region spanning residues 1542 to 1710 of p300 was sufficient to mediate this interaction (Fig. 3) . This carboxy-terminal region of p300 has also been shown to mediate interactions with TFIIB (20) , cyclin E/Cdk2 (32), and adenovirus E1A (6) . The region of Tat required for this interaction was next defined. A series of deletion mutants was prepared as GST fusion proteins in E. coli and purified with glutathione-Sepharose beads. Only fusion proteins which contained the Tat basic domain (residues 48 to 57) bound p300, including a fusion protein that expressed only this basic domain region (Fig. 4A, top) . As a negative control, binding to the basic domain of the antiterminator coded by the N gene of bacteriophage was analyzed. This protein has amino acid sequence similarity to the arginine-rich domain of Tat (21) but does not substitute for this domain functionally or in its ability to bind to TAR (35) . Binding assays using these two GST fusion proteins revealed that the basic domain of Tat, but not that of the bacteriophage N gene, binds to p300 (Fig.  4A, bottom) , suggesting that this specific amino acid sequence of Tat mediates binding to p300. Functional experiments using Tat with a mutation in this TAR binding region were not performed because this region is required for binding to TAR and is thus known to be inactive.
The functional contribution of p300 to Tat activation was investigated further by cotransfection of Jurkat cells with (⌬B) HIV-CAT and expression vectors for Tat and p300. Expression of p300 alone had little effect on this promoter in the absence of Tat (Fig. 4C) ; however, expression of p300 increased Tat activation in a dose-dependent manner (Fig. 4C) , and this synergistic effect was easily detected with small quantities of Tat expression vector plasmid (10 ng). The interaction of these two FIG. 3 . Tat binds p300 between amino acid residues 1542 and 1710. Tat was immobilized on glutathione beads from bacterial extract which express GST-Tat and incubated with radiolabeled, in vitro-translated, carboxy-terminal deletion mutants of p300 (lanes 3, 6, 9, and 12). After three washes, bound proteins were resolved by SDS-PAGE. GST was used as a negative control (lanes 2, 5, 8, and 11) . Lanes 1, 4, 7, and 10 represent 10% of the input protein. In lanes 4, 6, 7, and 9, small amounts of full-length p300 due to incomplete enzymatic digestion of the DNA template were noted.
FIG. 4. Tat binds p300 through its basic domain. (A, top)
The basic domain of Tat is responsible for the p300 interaction. Different GST-Tat deletion mutants were immobilized on glutathione beads from bacterial extract and incubated with radiolabeled, in vitro-translated, carboxy-terminal p300 residues 1253 to 1710 (lanes 3 to 6). GST was used as a negative control (lane 2). Lane 1 represents 10% of the input protein. (A, bottom) The basic domain of Tat specifically binds p300. GST-Tat (48-57) and GST-Tat (NBD) fusion proteins were immobilized on glutathione beads from bacterial extract and incubated with radiolabeled, in vitro-translated, carboxy-terminal p300 residues 1253 to 1710 (lanes 9 and 10). GST was used as a negative control (lane 8). proteins therefore correlates with their ability to act in concert functionally.
DISCUSSION
In this study, we report that p300 interacts with the HIV-1 Tat protein and serves as a coactivator of Tat-dependent HIV-1 gene expression. 12S E1A was able to repress Tat-induced HIV gene expression by binding to p300 in an NF-B-independent manner. The biochemical interaction between p300 and Tat was defined, and functional interaction between Tat and p300 was demonstrated by cotransfection. The region of Tat required for this interaction included the highly conserved basic domain of Tat that mediates binding to the TAR RNA stem-loop structure. These findings suggest that the coactivators p300 and CBP may provide a link between Tat and the basal transcriptional apparatus. To our knowledge, the interaction of Tat with the coactivators p300 and CBP also represents the first demonstration of an RNA binding protein with a transcriptional coactivator.
It has been reported recently that p300 and CBP not only interact with cellular transcription factors but also bind to a histone acetyltransferase (HAT), P/CAF (44) , and possesses intrinsic HAT activity (29) . The findings described here suggest that these coactivators can serve as adapters for RNA binding proteins and contribute to transcriptional regulation via targeted acetylation of chromatin. It has been suggested that a small amount of Tat protein, possibly packaged in virions, could trigger the remodeling of the chromatin adjacent to the HIV-1 LTR (10), and chromatin remodeling by histone acetylation had previously been implicated in transcriptional activation of the HIV-1 promoter (38) . It has also been reported that nucleosomes can negatively influence polymerase elongation, an effect observed too for integrated HIV-1 templates (15).
These observations, together with the findings reported here, suggest that Tat interacts with the preinitiation complex through binding to p300, together with which it can mediate several functions. First, this complex can associate with NF-B, which further promotes HIV transcription (32) . Second, it is likely to induce histone acetylation, which would cause chromatin changes that facilitate transcription and Tat function. Third, this interaction appears to be necessary to assemble the relevant, Tat-responsive RNA polymerase II complex at the promoter. It is important to note that this interaction is relevant to the assembly of a transcription complex which is responsive to Tat, though the p300-CBP complex is unlikely to directly affect the block to transcriptional elongation relieved by Tat. The basic domain of Tat is responsible for binding to p300 as well as TAR, suggesting that dimerized Tat could facilitate the formation of the appropriate preinitiation complex with cellular factors such as P-TEFb, which promotes binding to TAR, and TFIIH, which may alter RNA polymerase activity. Recently, it has been reported that a novel cyclin-related protein, cyclin T, interacts with TAR in combination with Cdk9 and that the resulting complex relieves the block to elongation in a Tat-dependent fashion (41) . The finding that Tat can associate with p300 suggests that a HAT activity (from p300 or one of its associated proteins) is recruited to this polymerase complex and further facilitates the profound effects of Tat on transcriptional elongation.
The Tat protein forms dimers (7), and it is thus possible that it interacts simultaneously with p300 and the TAR RNA structure. Alternatively, Tat could bind either TAR or p300 separately. Whether TAR RNA structure would affect the interaction of Tat to p300 in a positive or negative way has yet to be determined. Dimerization of Tat may be responsible for the inability to completely suppress Tat-dependent transcriptional activation by 12S E1A (Fig. 1B) , in contrast to the substantial functional synergy between p300 and Tat in stimulating gene expression (Fig. 4C) . HIV-1 Tat is therefore likely to exert effects at multiple steps, including its association with p300 in the preinitiation complex, followed by its binding to TAR and recruitment of additional components to the transcriptional elongation complex to enhance HIV gene expression and viral replication.
